Soil thermal conductivity l is a vital parameter for soil temperature and soil heat flux forecasting in hydrological models. In this study, an empirical model is developed to relate l only to soil volumetric water content u and soil porosity us. Measured l values for eight soils are used to establish the empirical model, and data from four other soils are used to evaluate the model. The new model is also evaluated by its performance in the Simple Biosphere Model 2 (SiB2). Results show that the root-mean-square errors (RMSEs; ranging from 0.097 to 0.266 W m21 K21 ) of the new model estimates of l are lower than those (ranging from 0.416 to 1.006 W m21 K21 ) for an empirical model of similar complexity reported in the literature earlier. Further, with simple inputs and equations, the new model almost has the accuracy of other more complex models (RMSE of l ranging from 0.040 to 0.354 W m21 K21 ) that require additional detailed soil information. The new model can be readily incorporated in large-scale models because of its simplicity as compared to the more complex models. The new model is tested for its effectiveness by incorporating it into SiB2. Compared to the original SiB2 l model, the new l model provides better estimates of surface effective radiative temperature and soil wetness. Owing to the newly presented empirical model's requirement for simple, available inputs and its accuracy, its usage is recommended within large-scale models for applications where detailed information about soil composition is lacking. . Permission to use figures, tables, and brief excerpts from this work in scientific and educational works is hereby granted provided that the source is acknowledged. Any use of material in this work that is determined to be "fair use" under Section 107 of the U.S. Copyright Act or that satisfies the conditions specified in Section 108 of the U.S. Copyright Act (17 USC §108) does not require the AMS's permission. Republication, systematic reproduction, posting in electronic form, such as on a website or in a searchable database, or other uses of this material, except as exempted by the above statement, requires written permission or a license from the AMS. All AMS journals and monograph publications are registered with the Copyright Clearance Center (http://www.copyright.com). Questions about permission to use materials for which AMS holds the copyright can also be directed to the AMS Permissions Officer at permissions@ametsoc.org. Additional details are provided in the AMS Copyright Policy statement, available on the AMS website (http://www.ametsoc.org/CopyrightInformation). ABSTRACT Soil thermal conductivity l is a vital parameter for soil temperature and soil heat flux forecasting in hydrological models. In this study, an empirical model is developed to relate l only to soil volumetric water content u and soil porosity u s . Measured l values for eight soils are used to establish the empirical model, and data from four other soils are used to evaluate the model. The new model is also evaluated by its performance in the Simple Biosphere Model 2 (SiB2 ) that require additional detailed soil information. The new model can be readily incorporated in large-scale models because of its simplicity as compared to the more complex models. The new model is tested for its effectiveness by incorporating it into SiB2. Compared to the original SiB2 l model, the new l model provides better estimates of surface effective radiative temperature and soil wetness. Owing to the newly presented empirical model's requirement for simple, available inputs and its accuracy, its usage is recommended within large-scale models for applications where detailed information about soil composition is lacking.
Introduction
Soil thermal conductivity l is a primary property related to soil heat flux (Bristow 2002) . For a given type of soil, its magnitude depends largely on the soil volumetric water content u, porosity u s , bulk density r b , texture, and mineral composition (de Vries 1963; Campbell 1985) . Several l models depending on these soil parameters have been presented. Kersten (1949) proposed an empirical l model with only one input parameter, soil bulk density. The model has limited applicability at lower soil water contents. De Vries (1963) presented a physically based model that has been applied in numerous studies (e.g., Campbell et al. 1994) . The model treats soil as a mixture of ellipsoidal particles in the continuous media of air and water and requires various input parameters (Tarnawski and Wagner 1992; Bachmann et al. 2001 ). In the de Vries (1963) model, the selection of critical water content and shape factors affects l estimations drastically (Horton and Wierenga 1984; Ochsner et al. 2001) . Johansen (1975) proposed the concept of normalized thermal conductivity. The Johansen (1975) model with four parameters, the degree of saturation S r , soil bulk density, soil porosity, and mineral composition, can provide reliable estimations of l for various soils (Farouki 1981 (Farouki , 1982 Tarnawski and Wagner 1992) . Based on measurements reported by McInnes (1981) , Campbell (1985) proposed an empirical l model with five input parameters. Based on the Johansen (1975) model, Côté and Konrad (2005) developed an improved model by introducing an empirical relationship between the normalized thermal conductivity and degree of saturation. The thermal conductivity of dry soil l dry is a function of soil porosity instead of soil bulk density that is used in Johansen (1975) . Later, based on the Johansen (1975) model, Lu et al. (2007) described a relationship between thermal conductivity and volumetric water content of soil and presented thermal conductivity equations for ''coarse'' and ''fine'' textured soils. Recently, Lu et al. (2014) presented a model for estimating l from soil volumetric water content, porosity, bulk density, and texture, while Nikoosokhan et al. (2015) developed a l model with soil volumetric water content, sand fraction f a , and dry soil specific weight g d .
All l models require various soil specific parameters. However, some soil parameters are difficult to determine, which limits the use of these l models in largescale land surface models. For practical purposes, empirical l models that depend on only a few readily obtainable soil parameters warrant consideration for inclusion in land surface models. The Simple Biosphere Model 2 (SiB2; Sellers et al. 1996 ) uses a l model taken from Camillo and Schmugge (1981) that only has two input parameters: soil porosity and surface soil layer wetness. However, with the availability of recent observations of l values, the possibility exists for developing an improved simple l model that outperforms the Camillo and Schmugge (1981) model. The objectives of this study are to 1) develop a new empirical model of l based on porosity and volumetric water content for general use in large-scale models where only information of porosity and volumetric water content of soil are available, 2) evaluate the new model by comparing it to the simple model of Camillo and Schmugge (1981) and to some other more complex l models (de Vries 1963; Johansen 1975; Côté and Konrad 2005; Lu et al. 2007; Lu et al. 2014; Nikoosokhan et al. 2015) , and 3) test the new model in the SiB2.
Material and methods

a. Datasets
Measured soil thermal conductivity values used in this study (Table 1) are obtained from Lu et al. (2007) . Table 1 lists texture, particle size distribution (PSD), and porosity (i.e., u s ; equivalently saturated volumetric water content) of 12 soils. Soils 1-8 include almost all of the soil types in the 12 soils, so that they can be used as an integrated dataset, and the other four soils (soils 9-12) then can be used as a verification dataset. In the following sections, measurements from soils 1-8 are used to parameterize the new model, and then the new model is examined with soils 9-12. Soil samples were air dried, ground, and sieved through a 2-mm screen, and soil PSD was determined with the pipette method (Gee and Or 2002) . Soil was packed into columns (50.2-mm inner diameter and 50.2-mm high) to desired bulk density, and a thermo-time domain reflectometry (thermo-TDR) probe (Ren et al. 1999 ) was used to measure the thermal conductivity of each packed soil column. Thermo-TDR probes measure thermal properties with a heat-pulse method. Details on thermo-TDR measurements are presented in Ren et al. (1999) , Ochsner et al. (2001) , and Ren et al. (2003) . Lu et al. (2007) provide details on the heat-pulse measurements In the SiB2 (Sellers et al. 1996) , l is determined with an equation presented by Camillo and Schmugge (1981) 
where S r is the degree of saturation (u/u s ). With u and u s as input parameters, l can be estimated with Eq. (1).
2) COMPLEX l MODELS
(i) De Vries model
De Vries (1963) proposed a model to calculate soil thermal conductivity of soil as a weighted sum of the conductivities of the constituents:
where k is the weighting factor; u is the volume fraction; n is the number of soil constituents; and subscripts g, i, and w indicate the phases of gas, solid, and water, respectively. The solid phase includes sand, silt, clay, and organic matter (not considered in this study because of its scarcity). Following de Vries (1963) , the thermal conductivities of sand, silt, clay, and air are set as 8.53, 2.93, 2.93, and 0.025 W m 21 K
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, respectively. The thermal conductivity of the gas phase l g accounts for both the conductivity of air l a and the latent heat component contributed by evaporation and condensation. Campbell et al. (1994) developed a continuous function through a variable named ''fluid'' thermal conductivity, which can be used over the whole range of water contents:
where f w is an empirical parameter computed by
ranging from 0 in dry soil to 1 in saturated soil. The parameters u 0 and q are specific soil properties that determine when water content begins to affect thermal conductivity and the rate of the transition from air-to water-dominated conductivity, respectively. The parameters u 0 and q are highly correlated to clay content, and the following regression equations were presented by Bittelli et al. (2015) :
and u 0 5 0:33f cl 1 0:078,
where f cl is the clay fraction. Using Eq. (3), the weighting functions can be computed:
and
where g a and g c are shape factors and g c 5 1 2 2g a . The thermal conductivity of the gas phase (i.e., l g ) is given by
where l a is the thermal conductivity of air, h r is the relative humidity in the soil, Campbell and Norman (1998, their Tables A.1, A.2, and A.3) ; P a is 101 kPa; and h r is assumed to be zero when u , u c (u c is the critical water content, which is estimated as the water content at 33-kPa water pressure head) and to be unity when 
For u , u c , the value of g a is given by
where g au c is the value of Eq. (9) at u c . When u , u c , a linear interpolation of l versus u between its dry value and the value at u c is recommended, and l dry is computed by multiplying the value of Eq. (2) with 1.25 at u 5 0 (de Vries 1963).
(ii) Lu et al. model Lu et al. (2014) proposed the following exponential function to express the nonlinear behavior of l as a function of u, texture, and r b : 
A linear relationship between f cl and a is established as follows:
The parameter b is estimated by r b and f a with the following multiple regression equation: 
Therefore, when soil porosity, texture (i.e., f cl and f a ), and r b data are available, l can be estimated as a function of u using Eqs. (11)- (14).
(iii) Nikoosokhan et al. model Nikoosokhan et al. (2015) used the normalized thermal conductivity l e proposed by Johansen (1975) in their model:
where l sat is the thermal conductivity of saturated soil. Two sets of linear relationships of l sat and l dry to sand fraction (i.e., f a ) and dry soil specific weight (i.e., g d ) were proposed:
For a wide range of sand fractions (0 , f a , 1), the dry soil specific weight falls within the range 11 , g d , 20. When g d has units of kilonewtons per cubic meter and r b has units of grams per cubic centimeter, they relate as
where 9.8 (m s 22 ) is gravitational acceleration. To relate l e to S r , an equation proposed by Côté and Konrad (2005) is used:
where k is a texture-dependent parameter and changes linearly with f a : Detailed descriptions of the models by Johansen (1975) , Côté and Konrad (2005) , and Lu et al. (2007) can be found in Lu et al. (2007) .
3) THE NEW EMPIRICAL MODEL
Investigators (e.g., de Vries 1963; Camillo and Schmugge 1981; Ochsner et al. 2001; Jury and Horton 2004; Lu et al. 2007; Chen 2008; Smits et al. 2010; Lu et al. 2014) have reported that u s and u are sensitive input parameters for l determination, and there often is an exponential relationship between l and u. Lu et al. (2007) described a normalized l ; S r relation with an exponential equation. After examining previously proposed l equations, we were inspired to investigate the practicality of a new, simple equation for use in largescale surface process models. Our newly proposed empirical l ; u model is based on Jury and Horton (2004) as follows:
We assume that a and b are empirical parameters that are related to u s . Jury and Horton (2004) set the parameter c to be 4 for their example soil. To quantify the c value for soils 1-8, we did the following:
. . .
Substituting two equations within three interval points, and combining them as an equation set, results in (
Dividing one equation in Eq. (21b) by the other equation gives
Parameter c can be obtained from Eq. (21c) with three groups of observed thermal conductivity data. Parameter c for soils 1-8 ranges from 2.96 to 6.04, with a mean value of 3.90. The parameter c for all of the soils 1-12 was then fixed as 3.90, which is close to 4, the value of c in Jury and Horton (2004) . 
where a 1 , a 2 , a 3 , b 1 , and b 2 are empirical constants, which can be derived with predetermined values of a and b and observed values of u s . Variables u s are the measurements of soil porosities for soils 1-8. The selection of the quadratic and linear formats of Eqs. (22) and (23) is a compromise between accuracy and equation complexity. It should be noted that the new empirical model is restricted to soil porosities ranging from 0.40 to 0.55, which covers the majority of field soil porosities.
c. Model calibration and testing
To calibrate the new empirical model, we use measured thermal conductivity values for eight soils reported by Lu et al. (2007) (soils 1-8 in Table 1 ). To evaluate the new empirical model, we use measured thermal conductivity values for four additional soils reported by Lu et al. (2007) (soils 9-12 in Table 1 ). The parameters a and b for the eight soils (soils 1-8) are 
estimated by fitting Eq. (21) to the measured l and u data. The values of a, b, and u s are used to obtain parameters a 1 , a 2 , and a 3 in Eq. (22) 
where m is the number of measurements and l m and l est represent the measured and estimated values, respectively. Finally, the RMSE and bias of the new empirical model were compared against the values of more complex models developed by de Vries (1963), Johansen (1975) , Côté and Konrad (2005) , Lu et al. (2007) , Lu et al. (2014) , and Nikoosokhan et al. (2015) and the simple model of Camillo and Schmugge (1981) .
The new model was also tested by incorporating it into SiB2 to replace the original SiB2 l model, the Camillo and Schmugge (1981) model. The other settings of SiB2 were the same as those used in Gao et al. (2004) . The outputs of SiB2 coupled with the new and the original l models for surface effective radiative temperature T eff and soil wetness were compared with observed values.
Results and discussion
The main factors influencing soil thermal conductivity l are soil water content, porosity, bulk density, mineral composition, and temperature. Water content is the most important factor, and it can vary significantly under field conditions (Lu et al. 2007) . Figure 1 shows the l (u) measurements (symbols) and the fitted curves [Eq. (21) Maximum soil thermal conductivity decreases as soil porosity increases (Farouki 1986; Ochsner et al. 2001; Lu et al. 2014) . Figure 2 shows the parameter a obtained from Eq. (6) Johansen (1975) , Côté and Konrad (2005) , Lu et al. (2007) , Lu et al. (2014) , Nikoosokhan et al. (2015) , and Camillo and Schmugge (1981) Johansen (1975) , (c) Côté and Konrad (2005) , (d) Lu et al. (2007) , (e) Lu et al. (2014) , (f) Nikoosokhan et al. (2015) , and (g) Camillo and Schmugge (1981) models and (h) the new model vs measured data for soils 9-12 from Lu et al. (2007) . The regression equations and R 2 are included.
there are no significant deviations between the estimated and fitted values. Soils 9-12 are used to evaluate the new model. For comparison, the results of more complex models (i.e., de Vries 1963; Johansen 1975; Côté and Konrad 2005; Lu et al. 2007; Lu et al. (2014) ; Nikoosokhan et al. 2015 ) and a simple model [i.e., the Camillo and Schmugge (1981) model] are also shown. Figure 4 presents the l ; u measurements along with the eight model estimations. The RMSEs of the model estimations are presented in Table 2 . The results of the more complex models agree well with the observed l for these soils, except for the result of the Nikoosokhan et al. (2015) 
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, which is similar to, but slightly larger than, those of the more complex models. The new empirical model performs much better than the Camillo and Schmugge (1981) model, even though both models used the same simple inputs.
Following Lu et al. (2007) , the results are discussed in the ranges u , 0.1 m 3 m 23 (referred to as lower water contents) and u . 0.1 m 3 m 23 (referred to as higher water contents). Biases of the eight models in the two ranges for soils 9-12 are shown in Table 3 . Among the more complex models, the de Vries (1963) model overpredicts l for entire u ranges, except for soil 10, where it underpredicts l for the entire u range. The Johansen (1975) model underpredicts l for entire u ranges. The Côté and Konrad (2005) model, the Lu et al. (2007) model, the Lu et al. (2014) model, and the Nikoosokhan et al. (2015) model generally overpredict l at lower water contents and underpredict l at higher water contents. The Camillo and Schmugge (1981) model underpredicts l drastically at higher water contents. The new empirical model tends to overpredict l at lower water contents, and it tends to underpredict l at higher water contents. Figure 5 comprehensively compares the estimations from the eight models to the measurements for soils 9-12. It can be seen that, except for the Camillo and Schmugge (1981) model, measured and estimated values FIG. 6 . Comparison of T eff modeled by SiB2 with the original thermal conductivity model (Camillo and Schmugge 1981) and with the new thermal conductivity model against direct measurements.
from the models are generally consistent with each other, the slopes of the regression lines are close to unity, and R 2 values are larger than 0.90. The R 2 value of the regression for the Nikoosokhan et al. (2015) model is much less than those of the other complex models, which is caused by its poor performance for soil 10 with low sand fraction, as shown in Fig. 4 . Although the slope of the regression line for the new empirical model deviates more from unity than those for the complex models, the measured and estimated values are generally distributed along the 1:1 line. However, the estimated values of l by the Camillo and Schmugge (1981) model are generally smaller than the measured values with a slope of only 0.168. Therefore, as a model with only simple inputs, the new empirical model performs better than the Camillo and Schmugge (1981) model. Generally, the results from the new empirical model deviate more from the measurements than do the complex models. However, the new empirical model requires only soil volumetric water content and porosity as inputs, while the complex models require several inputs (e.g., soil volumetric water content, porosity, bulk density, and particle size and/or mineral composition information). Some of the input information requires laboratory measurements, and the information is not always available at larger scales. Observation of water content is more available than observation of other properties, such as bulk density and mineral composition. Satellite remote sensing can be used to observe soil volumetric water contents for large land areas (Liu et al. 2012; Blunden and Arndt 2014) .
To evaluate the usefulness of the new model, we ran SiB2 (Sellers et al. 1996) with the current l model and again with the new l model. SiB2 outputs for T eff and soil wetness were compared with observed values. Figure 6 presents measured and modeled values of T eff . It is obvious that SiB2 with the new l model outperforms SiB2 with the original l model, although both sets of calculations tended to overestimate (underestimate) T eff in daytime (nighttime). As shown in Fig. 4 , the estimated soil thermal conductivities using the new l model were in closer agreement with the measurements than were the Camillo and Schmugge (1981) estimates. The new model estimates of l values tended to be larger than the original model estimates. Soil temperature amplitude is smaller, approaching the FIG. 7 . Scatterplot of T eff modeled by SiB2 with the original thermal conductivity model (Camillo and Schmugge 1981) and with the new thermal conductivity model against direct measurements.
measurements, when l is larger. Although T eff modeled by SiB2 coupled with the new thermal conductivity model is better than with the original model, it is underestimated at night. The reason for the underestimation may be that the weak turbulent exchange and small surface energy flux at night cause relatively large errors in the T eff . A scatterplot of the modeled T eff by SiB2 with the new and the original l values against direct measurements is given in Fig. 7 . Results based on the new l model are closer to the 1:1 line than those for the original l model. The RMSE (2.30 K) of the T eff modeled by SiB2 with the new l model is significantly less than that (4.23 K) modeled with the original l model. However, the over-and underestimations of T eff sometimes cancel each other in the original l model, so the bias (2.10 K) from the new l model is slightly larger than that (2.05 K) for the original l model. The SiB2 with the new thermal conductivity model also impacted soil wetness estimations, as shown in Fig. 8 . It is apparent that the patterns of the time series of the soil wetness modeled by SiB2 with the original and new l models are similar, but the magnitude of soil wetness calculated when using the new l model is slightly larger for all three layers compared to the original model. This is true especially after convective rain occurs for the surface zone (0-0.02 m), but not for the other two layers, root zone (0.02-0.30 m) and recharge zone (0.30-1.0 m). The soil wetness for the surface zone (0-0.02 m) and root zone (0.02-0.30 m) change drastically with weather conditions, while the recharge zone (0.30-1.0 m) hardly varies even with rain. We speculate that the lower T eff modeled by the SiB2 with the new l model produced less evaporation from bare soil.
Conclusions
A simple empirical model for estimating soil thermal conductivity has been presented. The model requires only two input parameters, soil porosity and volumetric water content. The new empirical model is able to well estimate l over the whole range of water content for soils of various porosities. The RMSEs of l estimations for the new empirical model are similar to those of more complex models, but significantly smaller than those of the Camillo and Schmugge (1981) model. Because the new empirical model does not require detailed soil information, it shows larger biases than the more complex models. The new model is tested in SiB2 and provides better estimates of the T eff than the original SiB2. The new empirical l model is more practical than the more complex models for use in land surface models for largescale calculations of surface energy and water fluxes.
